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INTRODUCTION
One of the few seemingly well-established facts about the etiology of insulin-dependent diabetes mellitus (IDDM)l is that extensive heterogeneity is present (1) (2) (3) (4) (5) (6) (7) (8) . Thus, several genetic mechanisms are likely to be involved. These may possibly range from multigenic (with each locus contributing only a small effect) to the major genetic effect of Mendelian modes of inheritance. The recent reports of association between the histocompatibility system (HLA) and IDDM (5, 6 ) indicate a direct and important effect of the HLA antigens on the risk of the disease. One possible explanation of this association is linkage between the two traits; we have conducted a series of linkage analysis studies to examine these possibilities. Genetic studies of IDDM must be designed to answer a specific research question under circumstances that minimize the "noise" of heterogeneity. We have, therefore, sampled multiplex families (i.e., those families with ' Abbreviations used in this paper: HLA, histocompatibility system; IDDM, insulin-dependent diabetes mellitus; MG families, fainilies with diabetics in multiple consecutive generations; MS families, families with multiple (two or more) diabetic sibs in one sibship of normal parents; 6, recombina-two or more IDDM members). We first analyzed those IDDM multiplex families with normal parents and two or more affected children, i.e., multiple sib-affected or families with multiple (two or more) diabetic sibs in one sibship of normal parents (MS families). These families were selected to maximize the proportion of cases with an autosomial recessive mode of inheritance. Assuming this genetic mode, when using the lod (the logarithm of odds) score method for linkage analysis, we found the highest total lod score of 3.98 at a recombination fraction of 13%, suggesting the existence of a diabetic locus loosely linked to the HLA in these families; however, these results may have been influenced by the association between the HLA and IDDM (2, 9) , as discussed below. Conversely, the same method applied to the families published by Rubinstein et al. (10) , reportedly ascertained at random, showed a lod score of 0.88, thus failing to indicate linkage between the HLA and IDDM (9) . This suggests that our findings of linkage imay be specific for the specially selected families studied by Us (1, 9) , and may not be applicable to famnilies ascertained at randomn or according to other criteria. Furthermnore, it does not confirmi the claim of Rubenstein et al. (10) that all IDDM cases are autosomal recessive.
In this paper we report the results of studies on those multiplex families with cases in two consecutive generations, designated the multiple generational (MG) families. We test the hypothesis that the responsible diabetic gene in such famiilies, selected to maximize an autosomal dominant mode of inheritance, is in linkage with the HLA region. Other genetic mechanisms (autosomal recessive or multigenic) could yield such pedigrees, and the results of our analysis must be examined in light of these possibilities. The possible effects of association on the interpretations of the linkage analysis results are also considered. A total of 28 MG families were studied for HLA antigens A, B, C, D, and glyoxalase, and analyzed for concordance and linkage analysis.
METHODS
Clinical material. A total of 28 families with two or imore insulin-dependent diabetics in two or imore consecutive generations were studied. Families 201, 224, and 230 have been partially reported before (1, 2) . These were A.P., M.R., and S.Ros., respectively, (1) . All family memnbers filled out questionnaires that included the following information: age and month of onset of diabetes, history of infections during the 3 mo precediing the onset of the diabetes, ethnic background, family history of diabetes, and personal and family history of other diseases. All diabetics are insulin dependent and the great majority have a history of ketonuria unrelated to acute disease or fasting, which is the best available indicator of insulin dependency. Only three diabetics have onset of disease above age 40 but all three are ketosis prone.
Ininunogenetic studies. 44 HLA antigens (A, B, C, and D) were determined in 15 families. These were the last famiilies studied and were ascertained in exactly the same way as the first 13 families typed for only antigens A, B, and C. The serological specificities (A, B, and C) were studied by a standard two-stage dye exclusion microcytotoxicity test (1 1) by using a panel of 90 well-characterized antisera capable of detecting all defined HLA and most w specificities. HLA D typing for the specificities Dwl, 2, 3, 4, 7, 10, and 11 was performied according to a metlhod described (12) . Four lines of homozygous typing cells were used for each of the specificities. Double-normalized relative responses of 35 or less to at least three of the four homozygous typing cells were considered typing responses. Responders generating more borderline responses (35-50 double-normalized relative responses) were repeated to confirm the specificity. HLA Dw5, 6, and 8 were tested by using two homnozygous typing cells per specificity. Because these specificities are less well defined and were typed by only two cell lines, the results have not been included in this study. HLA Dw9 homozygous typing cells were not used. The high number of blanks or nontyping responses (31%) in the diabetic families is probably due to the fact that typings for the HLA Dw75, 6, 8, and 9 specificities were not documnented. There is no evidence from the literature that these specificities are associated with diabetes. There were no A/B or B/D recomnbinants. 400 Caucasian controls were used for D typing, and 897 for A and B typing. All controls were blood donors from the Minnesota area.
HLA antigens were assigned without knowledge of the imedical history. In families in which the parents of a sibship were uniavailable, one or both paternal or maternal haplotypes were deduced from those found in the rest of the family.
Glyoxalase was determined according to published methods (13) . Nine recombinants between the glyoxalase and the HLA loci were found (9.5% of the informative meiosis); three of these were diabetic children.
Statistical 10 (mean±SD) in the first generation, and 18±8 in the second. The age of the nondiabetics is 50±14 in the first generation, and 20±7 in the second. The age at onset of diabetes is 24±14 (#36) in the first generations, and 9±6 (#35) in the second; this difference in age at onset is statistically significant (t = 3.8, P < 0.01). In the three families with three affected generations, the age of the diabetics is 65+13, 44±12, and 21+12, and nondiabetics 62+8, 28±9 , and 9±4 in the first, second, and third generations, respectively. The age at onset of diabetes is 29±9 31+6, and 15±9 for the first, second, and third generations, respectively.
There are 11 haplotypes with A or B antigen blanks (2.5%) and 56 with D blanks (31%). Among the diabetics there are 12 homozygotes for locus A (15.6%), and 9 for locus B (11.7%), and for the nondiabetics, 12.2 and 11.6%, respectively. There are 3% (1/37) Dw3 homozygotes among the diabetics, and 6% (4/63) among the nondiabetics. For Dw4 homozygotes, the percents are 5% (2/37) and 2% (1/63), respectively.
These differences are not statistically significant. Table  IV shows the frequency of several HLA antigens, including those that have been associated with IDDM in previous studies (1, 5, 6) . Antigens Al, B8, B18, and, most clearly, Dw3 and Dw4 show an upward trend among diabetics. The genotypes B8/B15 and, especially, Dw3/Dw4 are also more frequent for the diabetics than for normal controls or the nondiabetic relatives. 92% of the diabetics, 78% of the nondiabetic relatives, and 26% of the normal controls type for Dw3 and/or Dw4. Antigens B7, Bw44 (previously B12), and Dw2 are decreased. Dw2 was found in only 1 of 26 diabetics (family 208, subject 2). Because of biases both from larger families and from ascertainment methods, traditional statistical analysis would not be appropriate and, therefore, was not performed.
In the 26 nuclear MG families examined for HLA concordance, families 202,204, 224, 229, and 230 have multiple sibs affected. Family 224 has three affected sibs and the other families two. Family 230 has two nuclear families with two affected sibs from three generations. Although the affected father in the first generation has not been typed, the two affected daughters are HLA concordant. The chance of both parents also having the same haplotypes is very small; this would be the only circumstance negating full HLA concordance by descent. Thus, this pair of diabetic sibs was scored as concordant. In the families with two affected sibs, we would expect them to share one of the haplotypes of the affected parent 50% of the time, assuming HLA genes are independently assorted in relation to the presumed IDDM gene. We observed four cases of concordance in the five families. This observation has a 16% chance of occurring under the no-linkage assumption, and thus is not a statistically significant deviation from Fig. 1 for pedigrees. 4 Deduiced haplotypes, parenit(s) unavailable or deceased. § F, f:ast glyoxalase; S, slow glyoxalase.
The haplotypes knowni in this kindred couild not he assigned to the deceased meml)ers of the first genieraltion (see Fig. 1 ).
discordanee rate is 44% (8/18) aimiong the younger sibs, and 51% (26/51) in the older sibs. Overall, 34 (49%) of the total 69 are HLA discordant. The various rates of discordance in affected and normal pairs are undistinguishable from the randomi concordance rate of 50%. The nonisigniificant higher proportion of HLA concordance in the affected sil) pairs, and the lack of a higher proportion of HLA discordance in the normal sibs, is nonconclusive regarding linkage between IDDM and the HLA in the MG famnilies. This method, however, can-not be generalized readily to inelude the redtuced penetrance factor, the multiple generation structure of the pedigree, and the existence of secondorder affected relatives, HLA typed or not. Although a less efficient method to detect linkage in the MG f:amilies, the affected sib/sib pair concordance analysis was also performed to compare the results with those obtained by similar analysis in the MS fainilies. (1, 9) . The latter were ascertainied to maximl-ize the likelihood of dealinig with a genetically homnogeneous form (or forms) of autosomiial recessive IDDM. In such a suibset of patienits (about 11% of all famnilies with one child affected.),2 we presented evidence for the existence of linkage of -13 map Units between the 1ILA and the assumied diabetic locuis (9) . On the other hanid, the MG families (about 5% of all families with one child affected)2 ascertainied to imiaximize the likelihood of a genetically homnogenieouis formn ( inheritance of this gene is more likely to be dominant, because in 26 of the 28 families we observed parent to child transmission of the trait. When the likelihood of each pedigree in the sample is evaluated under the Mendelian modes of inheritance in a crude manner, i.e., without correcting for bias of ascertainment, the odds favor the autosomal dominant over the autosomal recessive mode of inheritance (-10:1) in almost all MG families. The nonconclusive linkage results would then imply that the dominant IDDM gene is either on chromosome 6, but too distant from the HLA to show evidence for linkage, or is on another chromosome. Family 201, with a lod score of 1.53 at 6 = 0, certainly suggests the possibility of a dominant gene linked to the HLA. Third, it is possible that the diabetic MG families are genetically less homogeneous than the MS families, because several generations are involved, and individuals marrying into the families may bring in additional genetic liability for diabetes. In some of the families studied these spouses had a family history of IDDM. However, a test of heterogeneity on the linkage data, using the method reported by Morton (16) , failed to show significant heterogeneity (X2 = 18.55, degrees of freedom = 27, P < 0.75).
Fourth, it may be that the MS and MG families are not genetically different from each other. However, the linkage analysis, assuming the autosomal recessive mode, applied to the MG families yielded a much weaker evidence for linkage than in the MS families (MG: total lod = 0.26, 6 = 0.25; MS: total lod = 3.98, 6 = 13) . This seems to indicate genetic dissimilarity between the two samples although it is possible that both groups of families are heterogeneous. Further detection of genetic differences between these two samples may have to come from other sources of information. Indeed, there may be differences between the MS and MG families for HLA antigen frequencies. In the MS families, B8 was present in 31%, and B15 in 36% when all diabetics were considered. Analysis for only the oldest diabetic sib in each family yields 33% for B8, 42% for B15, and 9% for B8/B15. These frequencies seem to be different from those shown for the MG families (Table IV) . When only analyzing for the diabetic parent in each MG family, the frequencies are 46% for B8, 21% for B15, and 4% for B8/B15. These differences, however, THETA FIGURE 2 Total lod scores for linkage between diabetes and the HLA in 28 families with cases in two or more consecutive generations, assuming the dominant mode, penetrances of 100, 90, 70, and 50%, and the respective gene frequencies of 0.00095, 0.00105, 0.00135, and 0.00189. The total lod score (0.37) is highest for 50% penetrance, although not significant. Theta, recombination fraction. described before (5, 6) . Recently, Christy et al. (8) have reported studies of multiplex and simplex diabetic Danish families typed for HLA A, B, and D. They also find a high risk for the disease associated with the genotype Dw3/Dw4, which is especially striking in the multiplex families. In their data Dw4 is mostly increased in diabetics from the latter families.
It is of interest that in our small population study of D antigens in IDDM, there were only 20% of diabetics from multiplex families, and the frequencies S of Dw4 and Dw3/Dw4 were normnal (7), which is in striking contrast to the excess seen in both The near absence of Dw2 among IDDM patients has been reported before (5) . We have typed to date 78 diabetics for D alleles, 37 from this study and 41 from a population study (7) . We have found only one diabetic positive for Dw2. Whether this strikingly decreased risk for Dw2 subjects reflects a genetic protective factor for IDDM or other mechanism is not known.
The age at onset of disease in the youngest generation is significantly lower in the MG families. This phenomenon (known as anticipation) usually results from the incomplete life experience in younger Barbosa, J., R. Ramsay, and M. Chern. Submitted for publication.
generations. As the currently unaffected are followed through time, some will develop diabetes at older ages, and these cases (when averaged with the others) will increase the age at onset. Whatever the genetic mechanism reflected in the high HLA antigen frequencies, it is unlikely to explain the anticipation effect because Dw3/Dw4 diabetic subjects did not differ significantly for age at onstit of disease from their diabetic relatives with other genotypes.
In conclusion, the discrepancy in the linkage and concordance analysis and in HLA antigen frequencies between the MS and MG families is comnpatible with a genetic difference between these two types of families and seems to confirm the theory of genetic heterogeneity in IDDM. As stated above, however, the differences between MS and MG families could be due to ascertainmnent biases. The high frequency of Dw3 
